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Successional laminaHere we study the role of Shh signaling in tooth morphogenesis and successional tooth initiation in snakes
and lizards (Squamata). By characterizing the expression of Shh pathway receptor Ptc1 in the developing
dentitions of three species (Eublepharis macularius, Python regius, and Pogona vitticeps) and by performing
gain- and loss-of-function experiments, we demonstrate that Shh signaling is active in the squamate tooth
bud and is required for its normal morphogenesis. Shh apparently mediates tooth morphogenesis by
separate paracrine- and autocrine-mediated functions. According to this model, paracrine Shh signaling
induces cell proliferation in the cervical loop, outer enamel epithelium, and dental papilla. Autocrine
signaling within the stellate reticulum instead appears to regulate cell survival. By treating squamate dental
explants with Hh antagonist cyclopamine, we induced tooth phenotypes that closely resemble the
morphological and differentiation defects of vestigial, ﬁrst-generation teeth in the bearded dragon P.
vitticeps. Our ﬁnding that these vestigial teeth are deﬁcient in epithelial Shh signaling further corroborates
that Shh is needed for the normal development of teeth in snakes and lizards. Finally, in this study, we
deﬁnitively refute a role for Shh signaling in successional dental lamina formation and conclude that other
pathways regulate tooth replacement in squamates.
Crown Copyright © 2009 Published by Elsevier Inc. All rights reserved.Introduction
Vertebrates exhibit great variation in the morphology and
regenerative capacity of their dentitions. This variation has evolved
pari passuwith the adaptive radiation of vertebrates to many different
ecological niches and diets. The ontogenetic processes that enable
vertebrate dentitions to evolve are poorly understood.
Most of what we do know about tooth development comes from
studies of the mouse. In this species, odontogenesis begins with the
formation of a thickening of cells in the oral epithelium. Next, under
the direction of reciprocal signaling between the epithelium and
mesenchyme, the thickening extends inwards to constitute the dental
lamina. In snakes (Buchtová et al., 2008) and diphyodont mammals
(Järvinen et al., 2009), the lamina forms an epithelial ribbon thatrsity of British Columbia, 2350
da, V6T 1Z3.
ichman).
09 Published by Elsevier Inc. All rigspans the tooth-forming region of each facial prominence. In mice,
however, the lamina is separated into an incisor and molar region
(Peterkova et al., 1995). The next stage in tooth development is the
formation of a bud or epithelial thickening surrounded by a conden-
sation of mesenchymal cells. During cap and bell stages, the epithelial
bud changes to a multi-layered enamel organ that encloses the dental
papilla (Luckett, 1993). The enamel organ comprises the inner and
outer enamel epithelia and, sandwiched between them, a third layer
of loosely-arranged epithelial cells called the stellate reticulum. In
mammalian teeth, a fourth layer called the stratum intermedium
separates the inner enamel epithelium from the stellate reticulum. A
comparable structure has not been identiﬁed in the teeth of
squamates or crocodilians examined so far (Buchtová et al., 2008;
Delgado et al., 2005; Sire et al., 2002; Westergaard and Ferguson,
1986, 1987).
Tooth morphogenesis and differentiation is regulated in part by
molecular signals produced by cells of the inner enamel epithelium. In
mammals, expression of many genes is initially restricted to a non-
proliferative pocket of cells within the inner enamel epithelium calledhts reserved.
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Miyado et al., 2007; Yamanaka et al., 2007). While non-mammalian
vertebrates apparently lack a structure analogous to the enamel knot,
many of the same genes are expressed throughout the inner enamel
epithelium of these species (Buchtová et al., 2008; Fraser et al., 2006,
2008, 2004; Huysseune et al., 2008; Smith et al., 2009a; Stock et al.,
2006; Vonk et al., 2008; Zahradnicek et al., 2008).
One of the key inner enamel epithelial signals in the mouse is the
diffusible morphogen encoded by the gene Sonic hedgehog (Shh).
Deleting Shh or its receptor Smoothened (Smo) in the mouse dental
epithelium preferentially affects cells of the stellate reticulum, outer
enamel epithelium and dental cord, while leaving the enamel knot
intact (Dassule et al., 2000; Gritli-Linde et al., 2002). Shh functions
primarily as a paracrine signaling factor either signaling from the
epithelium to the dental papilla or from the enamel knot to other
regions of the enamel organ (Gritli-Linde et al., 2002, 2001).
Currently, no autocrine functions have been demonstrated for Shh
in odontogenesis in any vertebrate.
Previously, we showed that Shh expression in the inner enamel
epithelium is conserved between snakes and mammals (Buchtová
et al., 2008). However, we could not identify those cells of the snake
tooth bud that respond to Shh produced by the inner enamel
epithelium because we lacked expression data for Shh's down-
stream targets, including Hh pathway receptor Patched1 (Goodrich
et al., 1996) and the Gli transcription factors (Platt et al., 1997). For
the same reason, we could not conclude deﬁnitively if Shh regulates
tooth renewal.
In squamates and most other polyphyodont vertebrates, subse-
quent generations of teeth form from the successional lamina. This
structure is ﬁrst visible as an epithelial bud from the outer enamel
epithelium of the predecessor tooth. Lamina outgrowth typically
coincides with the onset of differentiation in the predecessor tooth
(Bolk, 1912, 1922a,b; Buchtová et al., 2008; Delgado et al., 2005;
Järvinen et al., 2009; Sire et al., 2002; Westergaard and Ferguson,
1990, 1986, 1987). The factors that regulate successional lamina
formation and tooth replacement are poorly understood. Genetic
manipulations of Runx2 (Aberg et al., 2004) Sprouty2/4 (Klein et al.,
2006), Sostdc1 (Munne et al., 2009), Ctnnb1 (Jarvinen et al., 2006) and
adenomatous polyposis coli (Apc) (Wang et al., 2009) in mice have
induced the formation of supernumerary teeth. While these experi-
ments clearly indicate that murine dental tissues can be coaxed into
forming extra teeth, they reveal little about the normal process of
tooth renewal.
In the present study, we have studied tooth development in
three squamate species, the ball python Python regius, the leopard
gecko Eublepharis macularius, and the bearded dragon Pogona
vitticeps (phylogenetic relationships are illustrated in Fig. S1). All
three species develop oviparously and bear dentitions comprising an
identical complement of conical teeth (i.e., homodonty). Pythons
lack the highly derived venomous fangs of viperids, elapids, and
other families (Vonk et al., 2008). Both the leopard gecko and ball
python can replace their teeth continuously throughout life (i.e.,
polyphyodonty), whereas the bearded dragon has undergone an
evolutionary reduction in its tooth replacement capacity (i.e.,
oligophyodonty) (Cooper et al., 1970). The bearded dragon is
further set apart from other squamates due to its propensity to
form large numbers of surface-forming or “superﬁcial” teeth.
Superﬁcial teeth are ﬁrst-generation teeth that arise immediately
at the oral surface, often preceding the formation of the dental
lamina. Typically, they undergo aborted development and are either
shed or resorbed before becoming functional (Bolk, 1922a; Edmund,
1969; Fraser et al., 2006; Järvinen et al., 2008; Sire et al., 2002;
Westergaard, 1988; Westergaard and Ferguson, 1986). Investigating
the causes of aborted development in such vestigial teeth will tell us
more about the factors that are required for the normal progression
of morphogenesis.In this paper, we (1) dissect the ontogenetic mechanism of
successional tooth formation; (2) identify key roles for Sonic hedgehog
signaling in tooth morphogenesis and cytodifferentiation in squa-
mates, and (3) identify a possible developmental basis for the
evolutionary vestigialization of teeth in amniotes.
Materials and methods
Squamate embryo procurement, staging and ﬁxation
Fertilized squamate eggs were obtained from the Metropolitan
Toronto Zoo or private local breeders for three oviparous squamate
species: the central bearded dragon P. vitticeps, the leopard gecko E.
macularius, and the ball python P. regius (Fig. S1). Following
oviposition, eggs were rinsed with diluted iodine tincture (1:25,000)
to prevent fungal infection, and then incubated in moistened
vermiculite substrate at 30 °C. At this temperature, the time to
hatching is approximately 8 weeks for P. vitticeps and E. macularius
and 13 weeks for P. regius. Tooth morphogenesis begins at approxi-
mately days 8–10 post-oviposition in P. regius and day 16 in both E.
macularius and P. vitticeps. Ball python embryoswere staged according
to the published table for the African rock python Python sebae
(Boughner et al., 2007). Leopard gecko embryoswere staged according
to a recent table constructed for the species (Wise et al., 2009).
Bearded dragon embryos, for which there is no staging table in the
literature, were staged according to the table for the common lizard
Lacerta vivipara (Defaure, 1961). Squamate embryos were euthanized
by brief treatment with MS222 followed by decapitation and then
ﬁxed overnight in 4% paraformaldehyde (PFA).
Whole-mount photography and micro-CT
For whole-mount ﬂuorescent images, embryos were stained with
diluted (1:10,000) SybrSafe DNA gel stain (Invitrogen #S43102) and
then rinsed in PBS. SybrSafe-staininghadnodeleterious effect on tissues
used in subsequent immunohistochemistry or in situ hybridization.
Micro-CT scans of the cranial skeleton of stage-10 P. sebae and
stage-40 P. vitticeps embryos were prepared at the 3D Morphometrics
Lab, University of Calgary, Canada. The cranial scan of an adult
specimen of E. macularius was prepared at the University of Texas
High-Resolution X-ray CT Facility as a part of the Deep Scaly Project
and generously provided to us for use in this paper. The full gecko scan
can be viewed on Digimorph.org: http://digimorph.org/specimens/
Eublepharis_macularius/.
Histology and 3D reconstruction
Embryonic tissues for histology were ﬁxed overnight in 4% PFA,
decalciﬁed in a solution comprising 2.5% PFA and 10.5% EDTA (1–
4 weeks, depending on embryo age), and processed into wax through
ethanol and xylene. Parafﬁn sections were cut at a thickness of 7 μm.
Alternate sections were stained with either Toluidine Blue (staining
nuclei) or a combination of Picrosirius Red (type I collagen,
mineralized tissue) and Alcian Blue (sulfated proteoglycans) (Ashique
et al., 2002). The left mandibular tooth row of a stage-34 embryo of P.
vitticeps was reconstructed from 100 serial sections using WinSurf
software (S. Lozanoff, U. Hawaii).
In ovo BrdU administration
Eggs were injected with 50 μL of 10 mM 5-bromo-2′-deoxyuridine
(BrdU) and incubated for 3 h. Shorter BrdU-exposure times proved
insufﬁcient for labelingmitotic cells in the embryo, presumably due to
the longer cell-cycle time of squamates (∼30–35 h; Gomez et al.,
2008) compared to other amniote species (e.g., 9.5 h for the chicken
Gallus gallus; Primmett et al., 1989).
173G.R. Handrigan, J.M. Richman / Developmental Biology 337 (2010) 171–186Immunodetection of proliferating and apoptotic cells
Proliferating cells were visualized in parafﬁn sections by immuno-
detecting either proliferating cell nuclear antigen (PCNA) or, when
possible, incorporated BrdU. PCNA is found in cells in the S and late-G1
phases of the cell cycle, while BrdU is only incorporated into cells at S-
phase (Kohler et al., 2005). Accordingly, we found that PCNA
detection labels a greater proportion of the proliferating cell
population in the squamate dentition compared to BrdU (data not
shown). PCNA detection was carried out as per Buchtová et al. (2008).
BrdU was detected using a monoclonal anti-BrdU antibody (1:100;
Amersham #RPN202) and an Alexa Fluor 488 secondary (1:200;
Molecular Probes #A11001) by a protocol described previously
(Szabo-Rogers et al., 2008). TUNEL analysis on parafﬁn sections was
conducted as previously described (Buchtová et al., 2008).
Squamate gene cloning and in situ hybridization
Squamate cDNAs were ampliﬁed by degenerate RT-PCR (Table S1)
and cloned into either pGEM-T Easy (Promega) or pCRII-TOPO
(Invitrogen) T-vectors. Four cDNA were isolated in total: Ptc1 and
Wnt6 from P. regius, and Ptc1 andWnt7a from E. macularius (Table 1).
Gene orthology was conﬁrmed by Clustal alignment and phylogenetic
reconstruction (Figs. S2, S3).
Section in situ hybridization (ISH) was carried out as described in
Buchtová et al (2008) without modiﬁcation. Species-speciﬁc probes
were used in ISH in cases where probes did not hybridize across
species (Table 1). Depending on signal strength, as determined by a
48-h exposure to autoradiography ﬁlm (Amersham #RPN1677K),
radioactive ISH sections were exposed to photographic emulsion
(Amersham #RPN40) for 2–8 weeks prior to development. Sections
were photographed in either bright- or dark-ﬁeld.
Explant culture
Trowell-type organ culture of squamate dental explants was
carried out as per Buchtová et al. (2008). Brieﬂy, upper and lower jaws
were excised from leopard gecko or bearded dragon embryos and
then hemi-sected into left and right halves to serve as experimental-
control pairs. Cultures were grown at the air-liquid interface of
DMEM:F12 media on Nucleopore ﬁlters laid atop wire mesh. Prior to
ﬁxation, cultures were treatedwith BrdU (10 μM) for 1 to 3 h. Cultures
treated with BrdU for only 1 h unfortunately did not incorporate
sufﬁcient amounts to permit immunodetection.
Dental explants were maintained in organ culture for either 24 h
(“short-term”) or 4 or more days (“long-term”). In three separate
long-term culture experiments, Hh pathway antagonist cyclopamine
(Toronto Research Chemicals #C988400) was added to culture mediaTable 1
A list of squamate cDNA clones used in this study, including sequence information, % sequen
which each antisense probe successfully hybridized.
Gene name Species (common) cDNA
length (bp)
Protein seque
Xenopus
laevis
Patched1 E. macularius
(leopard gecko)
754 62
P. regius
(ball python)
763 61
Sonic hedgehoga P. sebae
(African rock python)
774 74
Wnt6 P. regius
(ball python)
778 86
Wnt7a E. macularius
(leopard gecko)
500 90
a clone “pShh.2” from Buchtová et al. (2008).(10 μM) to block Shh signaling in the following dental tissues: (1)
bud-stage teeth from stage-34 leopard gecko; (2) differentiation-
stage teeth from stage-36 bearded dragon; and (3) bell-stage vestigial
teeth from stage-34 bearded dragon.
Short-term organ culture experiments were conducted on stage-
33 bearded dragon jaw explants to test the effect of Shh gain- and
loss-of-function on cell proliferation in dental tissues. Cyclopamine
was added to culture media in loss-of-function experiments. In gain-
of-function experiments, exogenous SHHwas administered via Afﬁgel
beads soaked in a 5-mg/ml solution of mouse N-terminal SHH protein
made in the Richman lab (Marti et al., 1995). Control beads were
soaked in 0.01% bovine serum albumin. Beads were implanted next to
the ingressing dental epithelium. After 24 h of incubation, cultures
were administered 10 μM BrdU for 3 h, ﬁxed, and processed into
parafﬁn. Five-micron sections from all cultures were analyzed for
BrdU incorporation and counter-stained with the nuclear stain DAPI.
Proliferative indices of the dental epithelium, lingual oral epithelium,
and adjacent mesenchyme of the bearded dragon cultures were
determined by dividing the number of BrdU-positive cells by the total
number of cells (raw cell counts presented in Table S2).
Corresponding inter-dental levels along the tooth rowwere compared
between the cyclopamine- and DMSO-treated cultures. For bead-
implanted cultures, BSA- and SHH-soaked beads implanted at
equivalent interdental positions along the tooth row in the control
and experimental explant cultures were chosen for analysis. Compar-
isons between experimental and control data sets were carried out by
an unpaired Student's t-test.
Results
Ontogeny of squamate teeth
Functional teeth in the leopard gecko, ball python and bearded dragon
Our ﬁrst goal of this study was to determine whether tooth
morphogenesis occurs by a conservedmechanism in snakes and lizards
and, moreover, between species that replace their teeth and those that
do not. To address this question, we compared odontogenesis between
two polyphyodont species, the leopard gecko E. macularius and the ball
python P. regius, and an oligophyodont species, the bearded dragon P.
vitticeps. These species differ in terms of tooth size and morphology as
well as renewal capacity. Teeth in the leopard gecko (Fig. 1A) and ball
python (Fig. 1B) are narrow and peg-shaped. In contrast, bearded
dragon teeth are broad and shaped like arrowheads (Fig. 1C).
We found that functional tooth buds in all three species develop
similarly to other squamates (Bolk, 1912, 1922b; Buchtová et al., 2007,
2008; Delgado et al., 2005; Edmund, 1969; Sire et al., 2002;
Woederman, 1919). Brieﬂy, the dental lamina invaginates at an
angle to the oral epithelium (Figs. 1D–F) and is continuous along thece identity with vertebrate orthologs, GenBank accession numbers, and those species to
nce identity (%) with GenBank
Accession no.
Antisense probe successfully
hybridized in
Gallus
gallus
Homo
sapiens
79 74 GU080291 leopard gecko
76 72 GU080289 ball python, bearded dragon
84 80 EU555185
(bp 61–799)
ball python, bearded dragon,
leopard gecko
87 73 GU080290 bearded dragon
98 93 GU080292 leopard gecko
Fig. 1. Tooth crown formation in squamates. (A–C) Micro-CT scans of the skull of a juvenile leopard gecko and near-hatching embryos of the African rock python and the central
bearded dragon. Insets show the tooth morphologies. (D–O) Transverse sections through the marginal tooth row at progressive stages of development. Sections were stained
with Picrosirius Red and Alcian Blue. The dental epithelium has been outlined with a black, broken line. The inner border of the inner enamel epithelium has been traced with a
dotted red line. (D–F) The dental lamina is a bilaminar ribbon of epithelium spanning the entire tooth-forming region (schematized in P). (G–I) At bud stage, tooth anlagen are
ﬁrst visible at the tip of the dental lamina as epithelial buds (black arrowhead) associated with a condensation of mesenchymal cells. (J–L) By cap stage, the enamel organ
consists of the inner and outer enamel epithelium and encompasses the dental papilla. Inset in L shows a magniﬁed view of a superﬁcial, vestigial, ﬁrst-generation tooth in the
bearded dragon. These teeth are typically found on the buccal side of the dental lamina (boxed area in L). (M–O) During bell stage the tooth bud undergoes differentiation. The
stellate reticulum in the ball python and bearded dragon is more noticeable than in the leopard gecko. Odontoblasts have begun to secrete dentin and ameloblasts are
polarized. Successional lamina outgrowth from the lingual outer enamel epithelium ﬁrst occurs at bell stage in the leopard gecko and ball python, but not until after the
deposition of enamel in the bearded dragon (see Fig. S4). The successional lamina and lingual cervical loop extend away from each other (divergent arrows in M, N). (P–S)
Three-dimensional representation of tooth development from a continuous dental lamina in squamates. Arrows in R, S correspond to those in M, N. Key: θ —angle of dental
lamina with oral epithelium, amb—pre-ameloblasts, bu—buccal, bv—blood vessel, cl—cervical loop, de—dentin/predentin, dp—dental papilla, iee—inner enamel epithelium, li—
lingual, mc—mesenchymal condensation, mes—mesenchyme, mx—maxillary, oc—oral cavity, od—odontoblasts, oe—oral epithelium, oee—outer enamel epithelium, pbv—dental
pulp blood vessel, sl—successional lamina, sr—stellate reticulum. Scale bars equal 100 μm for all panels except for A–C, where they equal 5 mm.
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as epithelial buds on the obtuse-angled side of the dental lamina (Figs.
1G–I, Q). A condensation of mesenchymal cells is closely associated
with the epithelial bud (Figs. 1G–I). By cap/bell stage, the bud has
grown into an enamel organ that encompasses the mesenchymalcondensation, now called the dental papilla (Figs. 1J–L, R). The enamel
organ of all three species lacks structures corresponding to the
mammalian enamel knot and stratum intermedium (Figs. 1J–O).
During bell stages, interspeciﬁc differences in tooth size become
pronounced. The broad shape of bearded dragon teeth correlates with
175G.R. Handrigan, J.M. Richman / Developmental Biology 337 (2010) 171–186a large dental papilla and distended stellate reticulum (Fig. 1O). By
comparison, the two tissues are relatively smaller in the narrow
teeth of the gecko (Fig. 1M) and python (Fig. 1N). Bell stage also
marks the beginning of tooth cytodifferentiation and matrix deposi-
tion in all three species (Figs. 1M–O).
We hypothesized that the timing of successional lamina out-
growthwould differ between oligo- and poly-phyodont squamates. In
the gecko and python, the tooth and lamina must diverge from each
other in order for the lamina to go on to form the next toothFig. 2. Superﬁcial, ﬁrst-generation teeth in the bearded dragon P. vitticeps form directly at th
view of a P. vitticeps embryo (inset) stained with SybrSafe. First-generation teeth can be see
the dental lamina is visible as a bridge between successive superﬁcial teeth on the maxi
superﬁcial teeth at cap and bell stages of development. At cap stage (B), superﬁcial teeth a
they have formed a small dentin cap (inset in C). Due to the absence of a lingual cervical
line). Odontoblasts and ameloblasts are not polarized (inset). (D) Three perspectives of a 3D
embryo (inset, A). The dental lamina forms a longitudinal ridge that spans the length
arrowheads) on the mandible. Key: A—anterior, bu—buccal, de—dentin/predentin, dl—dent
enamel epithelium, li—lingual, md—mandible, mx—maxilla, no—nostril, oc—oral cavity, od—
2 mm (panel A), 500 μm (A'), 100 μm (B, C) or 300 μm (D).generation. Accordingly, we noted divergent growth of the cervical
loop and the successional lamina beginning at bell stages in both
species (Figs. 1M, N, S). In the oligophyodont bearded dragon,
however, there is no obvious bifurcation point and the successional
lamina does not grow out from the enamel organ until around the
time of tooth eruption (Figs. S4). This is considerably delayed
compared to the gecko and python, both of which typically form
multiple tooth generations prior to tooth eruption (Buchtová et al.,
2008; Edmund, 1960, 1969).e oral surface and undergo premature developmental arrest. (A) Whole-mount palatal
n as nipple-like projections (white arrowheads) into the mouth cavity (A'). The base of
lla. (B, C) Transverse sections, stained with Picrosirius Red and Alcian Blue, showing
re shallow epithelial cups that encompass a reduced dental papilla. By bell stage (C),
loop, superﬁcial teeth appear fused with the dental lamina (outlined in black, broken
reconstruction of serial sections through the left mandibular tooth row of a P. vitticeps
of the tooth row, connecting successive superﬁcial teeth (outlined in white; white
al lamina, dp—dental papilla, ee—enamel epithelium, et—egg tooth, ey—eye, iee—inner
odontoblast, oe—oral epithelium, p—posterior, sr—stellate reticulum. Scale bars equal
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In addition to the late-forming successional lamina, a second
distinguishing feature of the bearded dragon compared to the other
two species is the high prevalence of surface-forming or “superﬁcial”
teeth in its dentition. These teeth can be seen externally as regularly
spaced bumps on the dental arches (Figs. 2A, A') and in cross-section
as shallow epithelial cups enclosing a small dental papilla (Figs. 2B, C).
Bearded dragon superﬁcial teeth abort development prematurely at
bell stage, forming only small dentin caps and never any enamel (Figs.
1L, inset; 2C, inset). Superﬁcial teeth also demonstrate morphogenetic
defects; they completely lack a dental cord to distinguish them from
the oral epithelium. Furthermore, three-dimensional reconstruction
of serial parafﬁn sections reveals that superﬁcial teeth lack a lingual
cervical loop to separate the enamel organ from the dental lamina
epithelium (Fig. 2D). It is also clear from the 3D reconstruction that
vestigial teeth comprise the entire ﬁrst-generation mandibular tooth
row of the bearded dragon (Fig. 2D). This is quite different from the
ball python and leopard gecko, in which ﬁrst-generation teeth
generally develop at the tip of the dental lamina, deeper in the jaws
(Buchtová et al., 2008).
Shh and development of squamate functional teeth
Ptc1 expression reveals areas of potential Hh signaling activity in the
oral epithelium and tooth bud
Although tooth morphogenesis and cytodifferentiation appear to
proceed along similar lines in snakes and lizards, it is unclear whether
the molecular regulation of these events is conserved. We decided toFig. 3. Ptc1 expression is complementary to Shh expression, but overlaps with cell proliferati
photographed under bright-ﬁeld (A–C, D'–F', H), dark-ﬁeld (D–F) or UV illumination (G, I).
Dashed red lines show the border between the inner and outer enamel epithelia. The baseme
(D–F) has been pseudo-colored as blue. Bright-ﬁeld gene expression (A–C, D'–F') appears as i
python. (A–C) Shh is expressed in the inner enamel epithelium (black arrows) and oral epith
cervical loop (black arrowheads), outer enamel epithelium (red arrowheads), and oral ep
epithelium (asterisk). (G–I) Proliferating cells (ﬂuorescent green cells in G, I; brown in H
arrowheads), dental papilla (white arrowheads), and oral epithelium (white arrows). Key:explore this question by comparing expression of two Shh pathway
genes, Shh and its target Ptc1, in our three species. Others and we
demonstrated previously that Shh is expressed during dental
initiation and tooth morphogenesis in non-venomous (Buchtová
et al., 2008) and venomous snakes (Vonk et al., 2008; Zahradnicek
et al., 2008). Besides a single study on enamel gene expression
(Delgado et al., 2006), the aforementioned studies on Shh expression
are the sum total of molecular data available on squamate teeth, and
none examines expression of other genes in the Shh pathway.
In the gecko and bearded dragon, as in the ball python, Shh is
strongly expressed in two separate domains, (1) the oral epithelium
on the acute-angled side of the dental lamina (i.e., lingual relative to
the marginal tooth row, labial to palatal row), and (2) the enamel
organ (Figs. 3A–C; S5D–F). The oral expression domain is established
during initiation stages and persists to at least bell stage in all three
species (Figs. 3A–C). Teleosts and crocodilians have a comparable
expression domain of Shh in the oral epithelium (“the odontogenic
band”) (Fraser et al., 2006, 2004; Harris et al., 2006; Smith et al.,
2009b). Oral expression does not persist beyond initiation stage in
mammals (Järvinen et al., 2009, 2008; Keränen et al., 1998;
Miyado et al., 2007; Yamanaka et al., 2007). Within the deve-
loping enamel organs of snakes and lizards, Shh is expressed in
the inner enamel epithelium and later by cells of the stellate reticulum
(Figs. 3A–C; 4A–C). Shh is expressed in a similar pattern inmammalian
bell-stage teeth (Järvinen et al., 2008; Keränen et al., 1998; Miyado
et al., 2007).
To identify which cells of the squamate dentition could be res-
ponding to Shh, we characterized the expression of Ptc1. For the ballon during squamate tooth morphogenesis. Transverse sections through cap-stage teeth
Sections are not necessarily taken from the same tooth, but are from the same embryo.
nt membrane is traced with either a faint black or white line. Dark-ﬁeld gene expression
ntense black staining. Insets show the junction of the dental and oral epithelia in the ball
elium (white arrows). (D–F) Ptc1 is expressed in the dental papilla (white arrowheads),
ithelium (white arrows). Transcripts are conspicuously absent from the inner enamel
) are localized to the outer enamel epithelium (red arrowheads), cervical loop (black
bu—buccal, li—lingual. Scale bars equal 100 μm.
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regius Ptc1 probe (Table 1). The same probe did not cross-hybridize
with the leopard gecko, however, so we cloned the Ptc1 ortholog from
this species (Table 1; Fig. S2). Ptc1 is expressed during all stages of
odontogenesis in the leopard gecko, bearded dragon and python (Figs.
3D–F, 4D–F, S5G–I). During initiation, we detected transcripts of the
gene in cells of both the dental epithelium and the surrounding
mesenchyme (Figs. S5G–I). Epithelial Ptc1 expression is strongest at
the base of the dental lamina and in the oral epithelium, where it
overlaps with Shh expression (Figs. 3A–F; S5D–I). Ptc1 is also highly
expressed in the mesenchymal condensation immediately underlying
the epithelial Shh-Ptc1 expression domain. Cells of the oral epithelium
then could be engaged in autocrine signaling as well as epithelium-to-
mesenchyme paracrine signaling. The lamina tip, however, is
apparently insensitive to the Shh signal as it lacks Ptc1 transcripts
along the entire length of the tooth row in all three species (Figs. S5G-
I; data not shown).
While Ptc1 and Shh gene expression overlap in the squamate
oral epithelium, we discovered that the opposite is true in the
developing tooth bud. Ptc1 is robustly expressed in the dental
papilla, dental follicle, and outer enamel epithelium of cap-stage
teeth (Figs. 3D–F). However, transcripts are entirely absent from
the Shh-expressing cells of the inner enamel epithelium. This
indicates that Hh signaling within the inner enamel epithelium is
either inactive or perhaps working through a different receptor.
Moreover, it implies that Shh signals remotely from the innerFig. 4. Ptc1 gene expression overlaps with cell proliferation in bell-stage tooth buds, but not
under bright-ﬁeld (A–C, D'–F', H), dark-ﬁeld (D–F) or UV illumination (G, I). Sections are no
membrane is outlined with a solid black or white line. Broken red lines trace the inner bord
colored as blue. Bright-ﬁeld gene expression (A–C, D'–F') appears as intense black stainin
becomes down-regulated in differentiating ameloblasts (red arrows). Low levels of Shh expr
down-regulated in odontoblasts (red arrows), but persists elsewhere in the dental papi
arrowheads) and the outer enamel epithelium (red arrowheads), but not in the successiona
found in the stellate reticulum (white arrows), but not the most apical cells in the python (re
tissues expressing Ptc1 (colored arrowheads in G-I correspond to those in D–F), with the ex
Scale bars equal 100 μm.enamel epithelium to the rest of the enamel organ and to the
dental papilla.
One tissue that is non-responsive to Shh is the successional lamina.
We could not detect Ptc1 transcripts in the lamina of either the
leopard gecko or the ball python (Figs. 4D, E). Thus, replacement tooth
initiation in polyphyodont squamates does not appear to require Shh
signaling. Interestingly, in the oligophyodont bearded dragon, we
noted that Ptc1 is expressed in the presumptive successional lamina
(Fig. S6C). It can be inferred from this that down-regulation of Shh
signaling activity in the lingual outer enamel epithelium may be a
crucial, early step for the outgrowth of the successional lamina in
polyphyodont species.
Cell differentiation in snake and lizard bell-stage teeth is
accompanied by a general down-regulation in hedgehog pathway
expression. In the dental papilla of bell-stage teeth in all species
studied, Ptc1 transcripts are absent from the terminally differentiated
odontoblasts nearest to the pre-dentin cap (Figs. 4D–F). Meanwhile,
in the neighboring inner enamel epithelium, Shh and Ptc1 are only
expressed in those undifferentiated or incompletely polarized cells
close to the cervical loop (Figs. 4A–F; S6A–C). At the centre of the
inner enamel epithelium, where the cusp tip will form, cells resemble
pre-secretory ameloblasts and lack Shh and Ptc1 gene expression
altogether (Figs. 4A–F). Curiously, as Shh expression is down-
regulated in differentiating ameloblasts, it appears to be up-regulated
in the neighboring cells of the stellate reticulum. In both lizard
species, this new Shh expression domain is diffuse in the stellatein the successional lamina. Transverse sections through bell-stage teeth photographed
t necessarily taken from the same tooth, but are from the same embryo. The basement
er of the inner enamel epithelium. Dark-ﬁeld gene expression (D-F) has been pseudo-
g. (A-C) At bell stage, Shh expression in the inner enamel epithelium (black arrows)
ession can be detected in the stellate reticulum (white arrows). (D–F) Ptc1 expression is
lla (white arrowheads). Transcripts can also be detected in the cervical loop (black
l laminae of E. macularius and P. regius (white asterisks in D, E). Ptc1 transcripts are also
d asterisk, E). (G–I) Cell proliferation (green cells in G, I; brown in H) is generally high is
ception of the successional lamina (black asterisks in G, H). Key: bu—buccal, li—lingual.
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Shh signaling is taking place in the tissue (Figs. 4A, C, D, F; 6F, I). In the
ball python, however, Shh and Ptc1 do not overlap in the stellate
reticulum; Shh expression is focused at the cusp tip, while Ptc1
expression is selectively absent there (Figs. 4B, E). Interestingly, high
levels of cell apoptosis are present in the same region of the python
stellate reticulum (Buchtová et al., 2007, 2008). Thus, in these stellate
reticulum cells, programmed cell death could be the result of inactive
Shh signaling or else Shh signaling through a receptor other than Ptc1.
Ptc1 expression coincides with cell proliferation in some, but not all
regions of the developing squamate dentition
In the mammalian tooth and many other developmental contexts,
Shh acts as a potent inducer of cell proliferation (Britto et al., 2002;
Cobourne et al., 2001; Mill et al., 2003; Wu et al., 2003). To test
whether this function holds true for the squamate dentition, we ﬁrst
compared the spatial patterns of cell proliferation with Shh and Ptc1
gene expression in serial histological sections. Here we present both
BrdU and PCNA data for the bearded dragon and leopard gecko, but
only PCNA expression only for the ball python. Our attempts to label
proliferating cells with BrdU in this species have so far been
unsuccessful. We suspect that this is a problem with BrdU incorpo-
ration rather than BrdU immunodetection.
There was a clear overlap of Ptc1 gene expression and cell
proliferation markers in three regions of the developing dentition of
snakes and lizards: the dental papilla, cervical loop, and the
mesenchymal condensation underlying the lingual oral epithelium
(Figs. 3D–I; 4D–I; S5G–L; S7B, C, E, F). The proximity of all three
tissues to Shh-expressing cells–in either the lingual oral epithelium or
the inner enamel epithelium–is consistent with the possibility that
Shh acts as a diffusible inducer of cell proliferation.
Ptc1 expression does not correlate with cell proliferation in certain
regions of the developing squamate dentition. In the successional
lamina, we noted high levels of cell proliferation, but no Ptc1
transcripts (Figs. 4D, E, G, H; S7B, C, E, F). Thus, cell proliferation in
the lamina is likely under the control of pro-proliferative factors other
than Shh. In the stellate reticulum,wenoted the reverse situation: high
levels of Ptc1 expression, but virtually no cell proliferation (Figs. 4D–I;
S7B, C, E, F). In this tissue then, Shh signaling likely mediates a cell
effect other than proliferation, such as promotion of cell survival. This
alternative function may be mediated by autocrine Shh signaling, as
cells of the stellate reticulum co-express Shh and Ptc1. In the other part
of the squamate dentition likely engaged in autocrine signaling, the
lingual oral epithelium, we noted staining for cell proliferation
markers in all three species (Figs. 3G–H; S5J–L). The three-way
overlap of Ptc1, Shh and cell proliferation in the lingual oral epithelium
raises the possibility that autocrine Shh signaling may induce cell
proliferation in this tissue unlike in the stellate reticulum.
Sonic hedgehog regulates cell proliferation the dental epithelium and
mesenchyme, but not in the oral epithelium
To directly test whether Shh is sufﬁcient and required for cell
proliferation in the dental epithelium and mesenchyme of squamates,
we conducted gain- and loss-of-function experiments on the dental
tissues of the bearded dragon. The simple morphology of the primary
dental epithelial thickening (“odontogenic band” sensu Smith et al.,
2009b) permitted easy quantiﬁcation of proliferating cells for com-
parison of experimental- and control-treated cultures. Furthermore,
the epithelium is clearly visible on each dental arch of the dragon from
initiation stage onwards, allowing us to precisely implant Shh-soaked
beads in gain-of-function experiments. By implanting beads, we effec-
tively increasedmesenchymal levels of Shh and, therefore, we can test
the paracrine effects on epithelial proliferation. In our loss-of-function
experiments, we blocked Hh signaling in stage-matched dental
explants using cyclopamine, a potent antagonist of the Smoothened
receptor (Chen et al., 2002; Cooper et al., 1998; Incardona et al., 1998).Shh beads implanted next to the extending dental lamina of the
bearded dragon increased the percentage of cells undergoing
proliferation in both the dental epithelium (p=0.011) and the adja-
cent mesenchyme (p=0.001) after 24 h in vitro (Figs. 5A, B, E). This
conﬁrms that the dental epithelium and mesenchyme are responsive
to Shh signals. Hh-blocked dental explants from the bearded dragon
showed a three-fold drop (p=0.004) in the percentage of cells
proliferating in the dental epithelium and near-complete loss of pro-
liferation in the dental mesenchyme (p=0.002) (Figs. 5C–E). Cyclo-
pamine exposure, however, had no effect on cell proliferation in the
lingual oral epithelium (Fig. 5E). This ﬁnding strongly refutes an
autocrine-mediated mitogenic effect of Shh signaling in the lingual
oral epitheliumof lizards, which our gene expression and proliferation
analyses seemed to suggest. In summary, Shh is sufﬁcient and required
for proliferation within the early dental lamina and adjacent mesen-
chyme, and this effect is likely mediated by paracrine signaling.
Blocking Shh signaling disrupts tooth morphogenesis in squamates
Next, to determine whether Shh signaling is necessary for
squamate tooth morphogenesis, we exposed dental explants of the
leopard gecko E. macularius to cyclopamine and looked for morpho-
logical effects. Teeth in these explantswere at bud stage (Fig. 1G) at the
start of the culture period and thus starting to undergomorphogenesis.
In our previous cyclopamine experiments on python dental explants
(Buchtová et al., 2008), teeth had already undergone morphogenesis
prior to the start of the culture period and, thus in that study, we could
not comment on the role of Shh signaling in this process.
Gecko teeth display severe defects in morphology after in vitro
exposure to cyclopamine for 7 days. In contrast to the bell-shaped
teeth of the DMSO-treated control cultures (Fig. 6A), cyclopamine-
treated teeth have a ﬂattened shape and are poorly deﬁned from the
dental lamina (Fig. 6B). Loss of Ptc1 gene expression in cyclopamine-
treated cultures conﬁrms that Shh signaling was effectively blocked
(Fig. 6E). To determine whether the morphogenetic defects of Hh-
blocked teeth are due to aplasia of the enamel epithelium, we
characterized the expression of two markers of the tissue in
squamates, Shh and Wnt7a. For the latter gene, we cloned a 500-bp
cDNA fragment from the leopard gecko (Table 1; Table S1; Figs. S3A,
C) and, in preliminary gene expression experiments, determined that
it is expressed in a non-overlapping pattern with Shh in the inner
enamel epithelium of bell-stage gecko teeth. While Shh expression is
strongest in the apical region of the inner enamel epithelium (Fig. 6I),
Wnt7a is most strongly expressed in the cusp tip area (Fig. 6L). The
expression pattern of both genes is perfectly recapitulated in DMSO-
treated gecko teeth grown in organ culture (Figs. 6G, J). In those teeth
treated with cyclopamine, however, the two genes are co-expressed
in the ﬂattened enamel epithelium forming the labial wall of the
dental lamina (Figs. 6H, K). These data conﬁrm that the inner enamel
epithelium has indeed formed in the cyclopamine-treated teeth. Shh
expression in both the inner enamel epithelium and lingual oral
epithelium appears to be stronger in cyclopamine-treated cultures
than in DMSO controls (Fig. 6H). This may be due to a compensatory
increase in Shh expression due to cyclopamine treatment or else may
reﬂect an overall delay in the maturation of cyclopamine-treated
teeth compared to controls.
Since the inner enamel epithelium clearly has formed in the
cyclopamine-treated teeth, cervical loop hypoplasia is most likely the
result of failed outgrowth of the outer enamel epithelium. Consistent
with this, none of the outer enamel epithelial cells in Hh-blocked teeth
are proliferating as detected by PCNA staining (Fig. 6N). In DMSO-
treated gecko teeth, the outer enamel epithelium stains strongly for
PCNA as does the dental papilla and the successional lamina (Fig. 6M).
Themaintenance of PCNA expression in the papilla and lamina, but not
the outer enamel epithelium of cyclopamine-treated teeth (Fig. 6N)
indicates thatHhblockade selectively affects proliferation in this tissue
and, consequently, the extension of the cervical loop.
Fig. 5. Shh is necessary and sufﬁcient for cell proliferation in dental tissues of the bearded dragon P. vitticeps. Transverse sections through stage-33 dental tissues treated with either
(A) Shh-soaked beads (“gain-of-function”) or (C) 10-μM cyclopamine (“loss-of-function”) for 24 h in organ culture. Control cultures were treated with (B) BSA beads and (D) DMSO,
respectively. Sections were stained for incorporated BrdU and photographed under UV illumination. (E) % BrdU incorporation for the dental epithelium, mesenchyme, and lingual
oral epithelium of organ cultures. The colored bars in the chart present the average proliferative index for the cell populations outlined with a broken line of the same color in A–D
(raw cell counts presented in Table S2). Shh beads induced higher levels of cell proliferation in the dental epithelium (p=0.011) and dental mesenchyme (p=0.001). Cyclopamine
treatment caused a drop in cell proliferation levels in the dental epithelium (p=0.005) andmesenchyme (p=0.002), but had no effect on proliferation in the lingual oral epithelium
(pN0.005). Key: bu—buccal, li—lingual, Mc—Meckel's cartilage. Scale bars equal 100 μm.
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cells, and organized dental matrix secretion
Our gene expression analysis of differentiating teeth of snakes and
lizards demonstrated that Shh signaling is active in odontoblasts and
ameloblasts undergoing cell polarization, but deactivated once the
cells differentiate terminally (Figs. 4A-F, S6A-C). Based on these data,
we hypothesized that Shh signaling may be important for secretory
cell polarization and, in turn, the ordered deposition of matrix in the
squamate tooth bud. To test this hypothesis, we exposed late-bell
stage teeth of the bearded dragon to cyclopamine. The large
ameloblasts and odontoblasts in bearded dragon teeth make appro-
priate models for studying the molecular regulation of cytodifferen-
tiation. The relatively smaller matrix-secreting cells of gecko and
python teeth are less useful for this purpose. This proved to be the casein our previous study (Buchtová et al., 2008) in which wewere unable
to clearly qualify the differentiation phenotype of python teeth trea-
ted with cyclopamine.
After 4 day's exposure to cyclopamine, bearded dragon tooth buds
had ﬂattened out completely against the oral epithelium compared to
DMSO-treated teeth (Figs. 7A, B). The dental cord, which normally
separates the enamel organ from the oral epithelium, degenerated
completely in response to cyclopamine. Since the cord is generally
non-proliferative (Figs. 3I; 7C), its disappearance in these Hh-blocked
cultures can more likely be ascribed to cell death. Indeed, TUNEL
analysis of the cyclopamine-treated teeth reveals high levels of apop-
tosis in the structure (Fig. 7F). We also noted TUNEL-positive cells in
the dental follicle and the stellate reticulum (Fig. 7F), suggesting that
these tissues too are normally maintained by Shh signaling.
Fig. 6. Sonic hedgehog signaling is necessary for tooth morphogenesis in the leopard gecko E. macularius. Explanted dental tissues from stage-34 E. macularius embryos were exposed
to 10-μM cyclopamine or DMSO (control) in organ culture for a period of 7 days. Transverse sections through the experimental and control organ cultures and a stage-matched E.
macularius embryo (in vivo) were examined for basic tooth histology (A–C), dark-ﬁeld Ptc1 expression (D–F), bright-ﬁeld expression of Shh (G–I) and Wnt7a (J–L), and cell
proliferation (M–O). Black and white lines outline the epithelium. Broken red lines trace the inner border of the inner enamel epithelium. Black arrowheads indicate sites of gene
expression, while white arrowheads point out notable areas lacking gene expression. (A-C) Cyclopamine-treated teeth lack pronounced cervical loops and appear fused with the
dental lamina. (D–F) The complete absence of Ptc1 expression in the cyclopamine-treated cultures (E) demonstrates that Shh signaling has effectively been knocked down. (G–L)
The retention of Shh andWnt7a transcripts in cyclopamine-treated cultures veriﬁes that the tissues are viable and that the inner enamel epithelium still forms in Hh-blocked teeth.
Insets in J–L show higher magniﬁcation view of Wnt7a expression in the inner enamel epithelium. (M–O) PCNA immunohistochemistry reveals proliferating cells in the dental
lamina of cyclopamine-treated cultures (black arrowheads, N), but not in the tissue immediately ﬂanking the inner enamel epithelium (white arrowheads), the would-be location of
the outer enamel epithelium. In control teeth (M, O), the outer enamel epithelium is characterized by high levels of cell proliferation. Key: cl—cervical loop, dl—dental lamina, dp—
dental papilla, iee—inner enamel epithelium, mem—organ culture nylonmembrane, mes—mesenchyme, oe—oral epithelium, oee—outer enamel epithelium, sl—successional lamina.
Scale bars equal 100 μm.
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appears to be due to the failed outgrowth of their cervical loop as
seen in our gecko cyclopamine cultures. This is particularly the case
for the buccal side of the loop (Fig. 7D). Cell proliferation analysis of
the cultures by PCNA immunodetection revealed a decrease in
staining in the dental papilla and the cervical loop. Interestingly,
however, proliferation appears unaffected in two areas of the epithe-
lium (Fig. 7D): (1) the lingual face of the tooth bud, corresponding to
the location of the dental lamina, and (2) in the lingual oral
epithelium. Clearly, cell proliferation in these tissues is induced by
signals other than Shh.
Cyclopamine treatment produced dramatic changes in secretory
cell morphology and the directionality of matrix deposition withinthe dental pulp. Staining the Hh-blocked cultures with Picrosirius
Red, a collagen stain, uncovered massive amounts of matrix irre-
gularly deposited throughout the dental papilla (Figs. 7H, H').
Accordingly, odontoblasts are scattered randomly throughout the
matrix (Fig. 7J), and they are round in shape, indicating a failure of
polarization. Ameloblasts form a thin, squamosal layer in the Hh-
blocked teeth, entirely lacking their typical columnar appearance
(Figs. 7B, J). Shh signaling then appears to be necessary for the
polarization of matrix-secreting cells in the squamate tooth. We
cannot rule out a further role for the pathway in the terminal diffe-
rentiation of ameloblasts and odontoblasts, however, as differenti-
ated cells had already formed in the teeth prior to the beginning of
the culture period.
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Vestigial teeth form an inner enamel epithelium, but have reduced
Shh-responsiveness in the dental epithelium
In light of our gene expression and function data that implicate
Shh signaling in squamate tooth initiation, morphogenesis andmatrix
formation, we hypothesized that early loss of Shh signaling could be atthe root of the arrested development and morphological defects of
vestigial teeth. Immature vestigial teeth were selected in order to
analyze the molecular defects prior to a loss of the dental papilla and
enamel epithelium. We found that Shh is robustly expressed in the
enamel epithelium at cap and bell stages of development (Figs. 8C, D).
Thus, any disruption in Shh signaling in vestigial teeth lies instead
with signal reception or transduction.
The retention of Shh gene expression in bearded dragon vestigial
teeth further suggested to us that the inner enamel epithelium is
properly speciﬁed in these teeth. To conﬁrm this, we compared
expression of a second gene, Wnt6 (Table 1; Table S1; Figs. S3A,B),
between vestigial and second-generation teeth in the dragon.Wnt6 is
speciﬁcally expressed in the inner enamel epithelium of squamate
teeth (Fig. S8, data not shown). In bearded dragon superﬁcial teeth,
Wnt6 expression overlaps with the Shh expression domain in the
inner enamel epithelium (Fig. 8C, inset). This conﬁrms that the inner
enamel epithelium is speciﬁed in these teeth. It is noteworthy that the
inner enamel epithelium of these teeth closely borders the tip of the
dental lamina (Figs. 8A–D). The close apposition of the two tissues
indicates that the intervening tissue, the outer enamel epithelium, has
either not formed or is dramatically reduced in size in vestigial teeth.
Next, to see if Shh signaling is active in P. vitticeps vestigial teeth,
we characterized the expression of Ptc1. We detected Ptc1 expression
in the dental papilla and follicle, but not in the epithelium of cap-stage
vestigial teeth (Fig. 8E). Thus, impaired Shh signaling may account for
defects of the epithelium, but not for the reduced levels of cell
proliferation and arrested odontoblast differentiation seen in the
dental papilla of vestigial teeth. Clearly, other signaling pathways
have been perturbed in this tissue. Epithelial Ptc1 expression is ﬁrst
seen at bell stage, but is restricted to stellate reticulum cells (Fig. 8F).
This is in contrast to second-generation teeth in the bearded dragon,
which express Ptc1 in the cervical loop and outer enamel epithelium
through all stages of development (Figs. 3F; 4F). The low levels of Ptc1
expression could indicate that the cervical loop and outer enamel
epithelium are not formed; however, additional markers are needed
to conﬁrm this hypothesis. Shh protein, produced by the inner enamel
epithelium, is predicted to have little or no effect on neighboring
dental epithelial cells except perhaps for cells of the stellate reticulum.
Vestigial teeth have reduced proliferation in the outer enamel epithelium
We hypothesized that impaired Shh-responsiveness of the dental
epithelium in bearded dragon vestigial teeth may account for their
small size and morphogenetic defects. To address this question, we
characterized cell proliferation in vestigial teeth. As usual for
mammalian and squamate teeth, cells expressing Shh in the inner
enamel epithelium of the vestigial teeth are non-proliferative.
However, there was reduced proliferation in the presumed locationFig. 7. Hedgehog loss-of-function affects cell dynamics, matrix deposition and cell
polarity in teeth of the bearded dragon P. vitticeps. Transverse histological sections
through bell-stage tooth buds in stage-36 dental explants treated with either DMSO
(control) or with cyclopamine (10 μM) in organ culture for 4 days. The basement
membrane is outlined with a faint, broken line in panels E–H. TUNEL and PCNA
immunohistochemistry were detected by chromogenic reaction with DAB (brown
color in C–F). (A, B) Cyclopamine-treated teeth appear smaller and ﬂatter in shape
compared to the DMSO-treated controls. Sections were stained with Toluidine Blue.
(C, D) PCNA immunohistochemistry. Cyclopamine treatment causes a near-complete
loss of cell proliferation in the cervical loop and dental papilla (asterisks), but does not
affect proliferation in the presumptive dental lamina (black arrowheads). (E, F) TUNEL
analysis. Apoptotic cells (white arrowheads) can be detected in the dental follicle and
stellate reticulum of teeth exposed to cyclopamine. (G, G', H, H') Dentin matrix, as
visualized by Picrosirius Red staining, is secreted in a disorganized manner in
cyclopamine-treated teeth. Dentin forms a neat cap in control teeth (G'), but is
scattered throughout the dental papilla in Hh-blocked teeth (H'). (I, I', J, J')
Cyclopamine-treated ameloblasts and odontoblasts are loosely arranged and lack
obvious cell polarity. Key: amb—ameloblasts, bu—buccal, cl—cervical loop, de—dentin,
df—dental follicle, dp—dental papilla, iee—inner enamel epithelium, li—lingual, mx—
maxillary, od—odontoblasts, oee—outer enamel epithelium, pdl—presumptive dental
lamina, sr—stellate reticulum. Scale bars equal 100 μm.
Fig. 9. Hedgehog loss-of-function in P. vitticeps superﬁcial teeth induces cell apoptosis
in the stellate reticulum, but does not affect epithelial cell proliferation. Adjacent
transverse sections through stage-34 superﬁcial teeth grown for 24 h in organ culture
and treated with either DMSO or cyclopamine (10 μM). (A, B) Cyclopamine-treated
teeth appear to have ﬂattened out against the oral epithelium even more than usual.
Sections stained with Toluidine Blue. (C, D) Fluorescent BrdU immunohistochemistry.
Cell proliferation (white arrowheads) appears unchanged in cyclopamine-treated
teeth. (E, F) TUNEL analysis. Cyclopamine-treated teeth demonstrate elevated levels of
cell apoptosis (black arrowheads) in the stellate reticulum. Key: bu—buccal, de—dentin,
dl—dental lamina, ee—enamel epithelium, li—lingual, sr—stellate reticulum. Scale bars
equal 100 μm.
Fig. 8. Superﬁcial teeth in the bearded dragon P. vitticeps have impaired hedgehog
signaling and fewer proliferating cells in the dental epithelium. Transverse sections
through superﬁcial teeth photographed under bright-ﬁeld (A–D, I, J), dark-ﬁeld (E, F) or
UV illumination (G, H). Dark-ﬁeld gene expression (E, F) has been pseudo-colored as
blue. Bright-ﬁeld gene expression (C, D) appears as intense black staining. (A, B)
Schematic delineation of the dental epithelium of superﬁcial teeth. Different regions of
the epithelium are pseudo-colored as red, blue and yellow. Superﬁcial teeth lack a
lingual cervical loop due to the aplasia of the outer enamel epithelium on that side. (C, D)
Shh and Wnt6 (inset in C) are expressed in the inner enamel epithelium of superﬁcial
teeth (black arrowheads). Shh is also strongly expressed in the lingual oral epithelium.
(E, F) Ptc1 transcripts (white arrowheads) can be detected in the lingual oral epithelium
and in the dental papilla, but are absent from the dental epithelium (asterisk in E) at cap
stage. At bell stage, Ptc1 is expressed in the stellate reticulum and dental papilla, but not
in the outer enamel epithelium or lamina (asterisk in F). (G, H) Cell proliferation does
not occur in the enamel epithelium or dental papilla at cap stage (black asterisk in G). At
bell stage, BrdU-positive cells can be detected in the epithelium. (I, J) Cell apoptosis, as
labeled by TUNEL (black arrows), occurs in the dental papilla and pre-ameloblasts
(inset). Key: bu—buccal, dl—dental lamina, dp—dental papilla, iee—inner enamel
epithelium, li—lingual, mes—mesenchyme, oe—oral epithelium, oee—outer enamel
epithelium, sr—stellate reticulum. Scale bars equal 100 μm.
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Typically, the outer enamel epithelium is the most mitotically active
population of cells in the enamel organ of functional teeth in the
bearded dragon and other squamates (Figs. 3G–I; 4G–I; S7C, F). In
superﬁcial teeth, the highest levels of proliferation are in the dental
lamina tip, a tissue our Ptc1 expression studies indicate is not under
Shh control.Hh loss-of-function induces cell apoptosis in vestigial teeth
If the dental epithelium of bearded dragon superﬁcial teeth is
indeed insensitive to the mitogenic effects of Shh, we surmised that
antagonizing the pathway would have no effect on development of
the teeth. We were surprised then to see that superﬁcial teeth grown
in the presence of cyclopamine appear even further ﬂattened against
the oral epithelium compared to in vitro and in vivo controls (Figs. 9A,
B). This phenotype is not due to decreased dental epithelial cell
proliferation, however, as cyclopamine-treated teeth show no fewer
BrdU-positive cells than control-treated teeth (Figs. 9C, D). Rather, it
is due to selective elimination of the stellate reticulum. TUNEL
analysis reveals an increase in apoptosis of stellate reticulum cells in
cyclopamine-treated superﬁcial teeth (Figs. 9E, F). Thus, while Shh
may have been stripped of its mitogenic effect on the dental
epithelium, as implied by the lack of Ptc1 expression in the tissue, it
still appears to be necessary for maintaining cells of the stellate
reticulum in superﬁcial teeth. The absence of apoptotic cells in the
stellate reticulum of superﬁcial teeth in vivo (Figs. 8I, J) suggests that
Shh is indeed providing an anti-apoptotic signal for the tissue.
Interestingly, TUNEL analysis detected cell apoptosis in the dental
papilla, odontoblasts, and pre-ameloblasts of superﬁcial teeth (Figs.
8I, J). Since our organ culture data do not implicate Shh in the survival
of any of these cells, we suggest that other pathways have been
perturbed in superﬁcial teeth along with the Shh pathway.
Discussion
Towards a deeper understanding of the ontogenetic factors that
generate dental variation in vertebrates, we have characterized tooth
development in snakes and lizards and, in particular, the role of Shh
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squamates with differing capacities for tooth renewal, we have
uncovered a correlation between the developmental timing of
successional lamina formation and a species' tooth renewal capacity.
Our studies on Ptc1 expression and perturbations to Hh signaling led
us to conclude that Shh plays no apparent role in successional
lamina formation, but has conserved and novel functions in tooth
crown formation in squamates (Figs. 10A, B). Furthermore, we
suggest that modulating Shh pathway activity during tooth
development may contribute to the evolutionary vestigialization of
teeth in amniotes (Fig. 10C).
Shh signaling is not required for successional lamina formation
in amniotes
Tooth renewal in amniotes andmost other vertebrates begins with
the outgrowth of the successional lamina from a predecessor tooth.
Although the precise developmental and molecular cues that trigger
lamina formation remain to be identiﬁed, at least two developmental
correlates have been pointed out in the literature: (1) predecessor
tooth eruption (Huysseune, 2006), and (2) the onset of differentiation
in predecessor teeth (Järvinen et al., 2009). In the two polyphyodont
squamates examined here, the leopard gecko and the ball python,
successional lamina formation deﬁnitely does not correlate with tooth
eruption. Three or more tooth generations have formed by the time
the ﬁrst functional set erupts in both species (Buchtová et al., 2008; G.
Handrigan, pers obs.). A correlation between lamina formation and
the developmental stage of predecessor teeth seems more likely. In
the gecko and python, we noted that bell-stage teeth are invariably
associated with a successional lamina, while less mature teeth are not.Fig. 10. Shh signaling in squamate tooth morphogenesis and vestigial tooth formation. (A)
autocrine-mediated functions. Shh produced by cells of the inner enamel epithelium signal
within the enamel organ (“intra-epithelial”) to induce cell proliferation and outgrowth of
maintains survival of the tissue. Successional lamina outgrowth (white arrows) from a pre
Blocking Shh signaling in squamate teeth with cyclopamine disrupts morphogenesis by inte
Hh-blocked teeth is due to reduced levels of epithelial cell proliferation, while degeneratio
treatment does not affect proliferation in the successional lamina. (C) In vestigial teeth of the
response to Shh, thus leading to failed outgrowth of the lingual cervical loop. Dental papi
mediated cell survival effect has apparently been retained in the stellate reticulum of vestigi
outer enamel epithelium, sl—successional lamina, sr—stellate reticulum.Similarly, in the ferret, Järvinen et al. (2009) ﬁrst noted successional
lamina outgrowth from bell-stage canines and premolars.
To correlate predecessor tooth development with successional
lamina outgrowth is to assume a causal link between the two processes.
Howmight such a link bemediated? One possibility is that activating or
inhibitory molecular signals emanate from the predecessor tooth and
inﬂuence the development of successional lamina precursor cells. The
list of candidate molecules is a long one. In this study, however, we
effectively rule out Shh as a possible signal in successional lamina
induction. Our gene expression and organ culture data suggest that the
successional lamina is non-responsive to Shh. Not only is the lamina
negative for Ptc1, but also cyclopamine treatment does not affect
outgrowth of the structure. This is seemingly at odds with our previous
ﬁndings that cyclopamine treatment inhibits early ingrowth of the
dental lamina (Buchtová et al., 2008). However, these results can be
reconciledwhen one also considers that cell proliferation is occurring at
the base of early dental lamina just as it is at the tip of the structure. Ptc1
is also strongly expressed at the base of the lamina, so it is feasible for
cyclopamine to affect ingrowth by inhibiting this basal proliferation
zone. The tip of the early dental lamina, like the successional lamina, is
non-responsive to Shh and under alternative molecular control.
Whatmolecules then control outgrowth of the successional lamina
during tooth renewal? In their study of the diphyodont ferret,
Järvinen et al. (2009) presented expression data implicating the
gene Sostdc1 in dental lamina reactivation in mammals. Sostdc1
encodes an extracellular modulator of Wnt and BMP signaling
pathways and is a putative repressor of supernumerary tooth renewal
in the mouse (Munne et al., 2009). In developing ferret teeth, Sostdc1
is expressed by cells at the junction between the tooth bud and the
successional lamina. While it remains to be seen whether Sostdc1Shh signaling directs squamate tooth morphogenesis through separate paracrine- and
s across the basement membrane to the dental papilla (“epithelial–mesenchymal”) or
the cervical loop (black arrows). Autocrine Shh signaling within the stellate reticulum
decessor tooth is not controlled by Shh signaling, but by some other pathway(s). (B)
rfering with Shh's mitogenic and cell survival effects. Failed cervical loop outgrowth in
n of the stellate reticulum is due to increased cell apoptosis in the tissue. Cyclopamine
bearded dragon P. vitticeps, the enamel epithelium has lost its capacity to proliferate in
lla cells do not proliferate despite normal Hh signaling in this tissue. Shh's autocrine-
al teeth. Key: dl—dental lamina, dp—dental papilla, iee—inner enamel epithelium, oee—
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pattern strongly implies that it may be a key player in vertebrate tooth
renewal. Further molecular scrutiny of the developing dentitions of
ferret, squamates and other di-/poly-phyodont vertebrates promises
to identify other key genes in tooth renewal.
Delayed outgrowth of the successional lamina may be one
mechanism bywhich the evolutionary reduction of tooth replacement
capacity has occurred in amniotes. In the bearded dragon P. vitticeps,
an oligophyodont species, we found that the successional lamina is not
visible as a discrete bud until the ﬁrst functional tooth generation has
formed enamel. The relatively delayed formation of the successional
lamina in the bearded dragon compared to polyphyodont species has
one clear outcome: fewer teeth are formed prior to hatching. This may
have important adaptive implications for the bearded dragon given
that its teeth are considerably larger in size compared to those of other
squamates, and, from a bioenergetic perspective, are a considerably
greater burden on the limited resources and minerals available to an
animal in ovo. Thus, by limiting the number of teeth formed in the egg,
more resources can be allocated to the development of each tooth,
allowing it to grow to a larger size.
The molecules controlling successional lamina formation in the
bearded dragon are likely to be the same ones at work in
polyphyodont squamates. Thus, by comparing dental gene expression
between the dragon and other species, we will not only identify the
key, conserved regulators of tooth renewal in squamates, but also
learn how these genes have been modulated during evolution to
generate variation in tooth renewal capacity.
Shh signaling regulates tooth crown formation in squamates by separate
autocrine- and paracrine-mediated functions
Blocking Shh signaling in squamate teeth leads to dramatic crown
defects. Speciﬁcally, teeth grown in the presence of Hh antagonist
cyclopamine are reduced in size and fail to fold up into the
characteristic bell shape. This phenotype is the combined effect of
hypoplasia of the cervical loop and disintegration of the stellate
reticulum due to increased levels of cell apoptosis in the tissue (Fig.
10B). Thus, Shh appears to act both as a mitogen and cell survival
factor during squamate tooth morphogenesis. Comparable functions
have been ascribed to Shh in mouse tooth development. By treating
mouse dental explants with exogenous Shh protein and 5E1 antibody,
others have demonstrated that Shh signaling is necessary for
epithelial cell proliferation and, at cap stage, for the survival or
epithelial cells (Cobourne et al., 2001). In conditional targeting
experiments, however, Shh appears to function solely as a mitogen
(Dassule et al., 2000). Dassule et al. (2000) noted decreased levels of
cell proliferation in mutant mice expressing non-functional Shh in
their dental epithelium, but no appreciable increase in cell apoptosis.
Another study in which Smo was conditionally deleted in the mouse
epithelium (Gritli-Linde et al., 2002) showed disrupted stellate
reticulum consistent with apoptosis; however, no analysis using
TUNEL or other markers of apoptosis was presented. In this light, our
bearded dragon data represent the ﬁrst time that Shh has been shown
to promote cell survival in the stellate reticulum in any vertebrate.
The cell survival andmitogenic functions of Shh in squamate tooth
morphogenesis may be mediated separately by paracrine and
autocrine signaling (Fig. 10A). The anti-apoptotic effect appears to
be speciﬁc to the stellate reticulum, which, as indicated by our gene
expression studies, is the only region of the squamate tooth bud likely
to be involved in autocrine signaling (i.e., it co-expresses Shh and
Ptc1). Since the stellate reticulum is virtually devoid of proliferating
cells, we conclude that cell proliferation is not an output of autocrine
signaling in squamate teeth. Rather, we suggest that the mitogenic
effect of Shh is mediated exclusively by paracrine signaling (Fig. 10A).
Consistent with this, we demonstrated unequivocally in our bead
implantation experiments that Shh could induce neighboring dentalepithelial and mesenchymal cells to undergo proliferation. Further-
more, in the tooth bud, we found close coincidence of mitosis and Ptc1
expression in cell populations likely to be responding to Shh produced
by the inner enamel epithelium (i.e., the cervical loop, the dental
papilla and the outer enamel epithelium). Corroborative support for a
model of paracrine-mediated Shh mitogenicity comes from a recent
study in which Shh was transgenically over-expressed in the mouse
dental epithelium (Cobourne et al., 2009). We suggest that this
genetic manipulation effectively renders all Shh signaling autocrine in
the dental epithelium. In response to higher epithelial Shh expression,
the authors noticed a corresponding increase in Ptc1 and Gli1
epithelial expression, but an unpredicted decrease in epithelial
proliferation, leading to the formation of rudimentary, shallow-
forming tooth anlagen. Thus, the seeming dependence of Shh on
paracrine signaling to control proliferation in squamates may be a
broader phenomenon applicable to all vertebrates.
While our data indicate a strong correlation between proliferation
and Shh signaling activity in the squamate tooth bud, we cannot
conclude whether proliferation is a direct cell effect of Shh or if it is
working through an intermediate pathway. Bothmechanisms seem to
be at work in mouse teeth. Gritli-Linde et al. (2001) showed that Shh
can directly mediate cell proliferation by regulating transcription of
cyclinD1, thereby controlling the G1/S transition of the cell cycle. At
the same time, however, the milder cervical loop defect in teeth of
their K14-conditional Smo knockout compared the corresponding Shh
mutant provides compelling evidence that Shh signaling may effect
enamel epithelial cell proliferation through a downstream pathway.
In addition to its role in squamate tooth morphogenesis, Shh also
appears to mediatematrix secretion during crown formation. Bearded
dragon ameloblasts and odontoblasts grown in the presence of
cyclopamine fail to elongate and instead assume a roundmorphology.
Dassule et al. (2000) noted similar cell phenotypes in their K14-
conditional Shh mutant mouse. Despite lacking clear polarity,
odontoblasts and ameloblasts in the mutant mouse teeth retained
their secretory capacity. Likewise, odontoblasts continued to secrete
dentin matrix in bearded dragon teeth treated with cyclopamine.
Dentin was not secreted to form a neat cap in these teeth, but was
found randomly distributed throughout the dental pulp. By compar-
ison, Shh-mutantmouse teeth do have a discrete dentin cap. However,
as carefully pointed out by Dassule et al. (2000), the pulp-facing
surface of the cap is not smooth, but shows ﬁnger-like extensions into
the pulp in places (see their Fig. 3H). Taken together, the strong
phenotypic parallels between Hh-blocked teeth in squamates and the
mouse imply that the role of Shh in dental cell polarization has likely
been conserved among toothed amniotes.
Phenotypic similarities between squamate superﬁcial teeth and
Hh-blocked teeth suggest a role for Shh in amniote tooth vestigialization
While superﬁcial teeth are a recurring feature in many vertebrate
dentitions (Bolk, 1922a; Edmund, 1969; Fraser et al., 2006; Järvinen et
al., 2008; Sire et al., 2002; van Nievelt, 2005; Westergaard, 1988;
Westergaard and Ferguson, 1990, 1986, 1987), virtually nothing is
known about the molecular and cellular bases that lead to their
aborted development. Our ﬁndings here suggest that deﬁcient Shh
signaling may be a contributing factor. Bearded dragon superﬁcial
teeth share many of the morphogenetic and differentiation problems
of squamate teeth treated with cyclopamine: reduced levels of cell
proliferation in the enamel epithelium, cervical loop hypoplasia, and
incomplete polarization of matrix-secreting cells. However, gene
expression analysis of superﬁcial teeth revealed to us that Shh is
normally expressed in the inner enamel epithelium, indicating that
any problem with Shh signaling in the teeth lay instead with the
reception or transduction of the Shh ligand. In support of this scenario,
we found that Ptc1 expression, while occurring at detectable levels in
the dental papilla, is practically absent from the enamel organs of
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expression correlates with the low levels of proliferation throughout
the inner and outer enamel epithelium and, in turn, their hypoplastic
cervical loop (Fig. 10C). The close resemblance of superﬁcial teeth to
arrested development of K14-conditional Shh mutant teeth lends
support to this interpretation. Deﬁcient Shh activity in the dental
epithelium could also be a developmental basis for superﬁcial tooth
development in mammals. Järvinen et al. (2008) showed that Shh is
expressed in the superﬁcial teeth of the shrew, but they provided no
expression data for Ptc1 or any other readout of the Shh pathway.
Reduced Shh-responsiveness in the dental epithelium in bearded
dragon vestigial teeth may also contribute to some of their defects of
cell differentiation. Vestigial teeth lack differentiated ameloblasts and
enamel matrix even though odontoblast differentiation and pre-
dentin secretion, the inductive cues for amelogenesis in amniotes
(Bei, 2009), both take place. The failure of enamel induction also
points to a breakdown in normal epithelial–mesenchymal signaling in
vestigial teeth. We recognize that other secreted molecules may be
involved in the arrested development of vestigial teeth. Indeed, the
patent absence of cell proliferation in the dental papilla of these teeth
(Fig. 10C) despite strong Ptc1 expression there indicates that the
normal function of some other pathway has been affected in these
teeth. Further analysis is needed to identify the other pathways
involved and how they may be interacting with Shh to cause the
premature abortion of vestigial teeth. As these teeth represent a failed
“natural experiment” in tooth morphogenesis and cytodifferentiation,
a clearer picture of their molecular etiologywill also help us clarify the
factors necessary for normal tooth development in squamates.
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